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SUMMARY

Metal specimens acting as a wall of a liquid-filled tank were impacted by
small high-speed particles. The specimens were 1/32- and l/lG-inch—thick 2014~
T6 and 7075-T6 aluminum and l/32—inch—thick 60-percent~cold-reduced AISI 301
stainless steel. The liquids used were water, glycerin, and nitrogen. The im-
pacting particles were primarily 7/32-inch—diameter spheres of different mate-
rials and densities. Tmpacts were made at velocitles up to 7500 feet per second.

Catastrophic fracturing, rather than simple puncturing, of tank walls made
of alumlnum generally resulted at impact velocities between 2850 and 6900 feet
per second. No fracturing of stainless-steel specimens on water-filled tanks
was obtalned even at the maximum capabilities of the gun used.

The pressure pulse generated in the liquid by the impacting particle ap-
pears to be the primary cause of most of the fractures. The dynamic stresses
generated in the specimen by the cratering and puncturing action of the particle
and the initial static stress due to tank pressurization also contribute to the
fracturing.

The characteristics of the pressure pulse generated in water-filled tanks
by the impact, the velocity of propagation of the shock front generated in the
water, and the time required for specimens to fracture after impact were deter-
mined. These data indicate that, for the materials and the thicknesses investi-
gated, the pressure pulses generated in the water and the resulting forces con-
tributing to catastrophic fracturing of the specimens are local phenomena and
are independent of the tank size if the radius is greater than a few inches.

INTRODUCTION

As the vehicles grow larger and the mission times become longer, there is
increasing concern over the danger of meteoroids penetrating the space vehicles
(ref. 1). The hazard may be even more severe for liquid-propellant tanks be-
cause pressure forces generated in the contained liquid as a result of impact
may result in catastrophic failure rather than simple penetration. Catastrophic



failure is considered to exist when tearing or complete blowout of the tank wall
occurs such that repairs to prevent loss of liquid while the vehicle is in flight
would not be possible. 'This report presents the initial results of an investi-
gation of this potential hazard.

For vehicles requiring propulsion after reaching orbital velocity, the pro-
pellant tanks will often be the components with the greatest weight and exposed
area. As a result, the meteorold problem may be of greater concern for the pro-
pellant tank than for any other component of the vehicle. The protection that
may be required could have a very significant effect on total vehicle weight.

Considerable research, both experimental and analytical, has been conducted
on the penetration mechanism of high-speed particles. This research, which 1s
summarized in reference 2, was concentrated mostly on thick, unstressed targets.
Some analytical studies (refs. 3 and 4) have considered the problem of punching
holes in stressed sheets and have evaluated the transient stress distributions.
The hole-punching process results in a stress concentration and a peak transient
stress near the hole that may be approximately 10 percent higher than the static
stress that would exist in a stressed sheet with the hole present. The effects
of transient pressure forces within a contained liquid that result from shock
waves radiating outward from the point of impact have not been considered. Under
some conditions of impact, the wall stresses induced by these shock waves can
reach values substantially greater than those induced by simply punching a hole
in a stressed sheet.

References 5 and 6 indicate that, in the zero-gravity condition, the liquid
contalned in an unbaffled tank will be in contact with the tank walls and that
any gas present will tend to form a pocket in the center of the tank. As a con-
sequence, pressure rises will be generated in the contained liquid for all im-
pacts on the tank wall regardless of the point of impact.

The importance of determining conditions that can lead to catastrophic fall-
ure of propellant tanks when impacted by small, high-velocity particles such as
meteorolds is apparent from the previous discussion. ZEarller investigations
have not studied the combined effects of high-velocity impact on thin walls in
contact with a liquid. This report, therefore, presents preliminary results
from an investigation directed at obtaining an understanding of the factors af-
fecting catastrophic propellant-tank failure resulting from high-velocity impact.

The investigation was conducted at impact veloclties from 1650 to 7500 feet
per second. Tank walls, 1/32 and 1/16 inch thick, made of 7075-T6 and 2014-T6
aluminum and 60-percent-cold-reduced AISI 301 stainless steel were impacted by
spheres ranging from.l/l6 to 7/32 inch in diameter that were made of nylon,
aluminum, steel, or tungsten carbide. The contained fluids investlgated were
water, glycerin, and liquid nitrogen.

FACTORS AFFECTING FRACTURE

When a high-velocity particle impacts a tank wall in contact with a liquid,
dynamlc stresses are first induced in the wall by the cratering and puncturing



actlion of the particle. The cratering action first induces radial compressive
and circumferential tensile stresses in the wall. After the wall 1s penetrated,
the elastic strain energy absorbed in the cratering process is released, and
radial tensile and clrcumferential compressive stresses are induced. The punc-
turing action induces dynamic flexural stresses in the wall because of the re-
sistance to shearing offered by the wall. After the particle has penetrated the
wall and impacted the contained liquid, part of the kinetic energy or momentum
of the particle is converted into a pressure wave that emanates from the impact
point, This pressure wave induces additional stresses in the tank wall. Thesge
stresses alone, or in combination with those induced by the cratering action and
the puncturing of the wall, plus any static stress in the wall due to initial
tank pressurization, may be large enough to result in catastrophic fracture of
the tank wall. Because the puncture has created a stress concentration regilon,
the stress in the wall required to induce a failure is considerably less than
that in a wall without a hole.

The factors affecting the stresses induced in a tank wall of a given thilck-
ness and material impacted by a high-speed particle are as follows: The dynamic
stresses in the wall due to impact and penetration are functionsg of

(1) Particle velocity

(2) Particle material and/or density

(3) Particle size

(4) Particle shape
The stresses in the wall due to the liquid pressure are functions of

(1) Liquid static pressure

(2) Liquid density

(3) Liquid velocity of sound

(4) Iiquid temperature

(5) Particle velocity

(8) Particle material and/or density

(7) Particle size

(8) Particle shape

(Some of these factors may possibly be grouped together into parameters such as
particle kinetic energy or momentum and liquid compressibility. )

In addition to these factors, the catastrophic fracture of a tank wall of a given
material would be affected by



(1) Amount of cold working and heat treatment

(2) Shape and size of hole and/or microcracks from impact
(3) Material strength properties at high-strain-rate loading
(4) Material strength properties at temperature of liquid

Preliminary analyses were made to relate some of the factors affecting the
failure mechanism in an attempt to provide a basis for the presentation of the
data and are discussed in the section RESULTS AND DISCUSSION.

APPARATUS

The test apparatus consisted of the range equipment, test tanks, test speci-
mens, and associated instrumentation for evaluating the effect of high-velocity
impact into liquid-filled containers.

Range Equipment

A .22 caliber rifle was used to accelerate the particles. The rifle was
mounted on a table as shown in flgure 1 and was fired remotely. The powder
charges were variled to control the velocity of the particles. The impacting
particles were mostly spheres of nylon, aluminum (2014-T6), steel (chrome alloy),
or tungsten carbide. The sizes of the spheres ranged from 1/16 to 7/52 inch in
diameter. A limited number of projectiles were copper cylinders 7/32 inch in
diameter and approximately 0.6 inch long. Spherical particles smaller than the
gun bore were projected by means of a sabot (fig. 1). The sabot was a nylon
cylinder 0.22 inch in dlameter and length.

Blast shields were located about 6 inches from the muzzle of the rifle to
protect the velocity measuring sensors from damage when the rifle was discharged.
A sabot deflector was located 4 inches downstream of the blast shields. This
device deflected and separated the sabot from the accelerated particle. A pair
of sensors to measure particle velocity was located down range from the sabot de-
flector. Each sensor consisted of a 0.25-mil Mylar sheet with a layer of vapor-
deposited aluminum approximately 100 angstroms thick on each side of the Mylar.
Penetration of each of the sensors by a particle resulted in the shorting of the
two layers of aluminum of the sensor, which permitted a capacitor to discharge.
The successive discharge pulses were monitored by an electronic event timer.

Test Tanks

Two types of tanks were employed in the investigation. One type was a
cylindrical metal tank that was designed with one end readily removable. This
removable end constituted the test specimen for each run. This type of tank was
used primarily for the determination of the resistance to fracture of various
materials and thicknesses as a result of lmpact. The other type of tank was
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rectangular in shape and had an open top; this tank, made of transparent plastic,
had one removable end made of sheet metal that acted as the test speclmen. The
transparent tank was used primarily to investigate the shock waves that were pro-
pagated within the tank fluid upon impact.

Two sizes of cylindrical tanks were used. The small tank had an inside
diameter of 12 incheg and was 9 inches deep; the large tank was approximately
30 inches in diameter and 37 inches deep. The volumes of the two tanks were 0.6
and 15.1 cubic feet, respectively. A photograph of the two tanks and a test
specimen is shown in figure 2. For the tests with water and glycerin as the con-
tained liquid, the tanks were made of steel pipe. For the test with liquid ni-
trogen, an insulated aluminum alloy tank of the same size as the small steel tank
was used.

The transparent plastic tanks each had a l/52—inch-thick 7075-T6 aluminum
alloy sheet as one of the walls. Two sizes of these tanks were used; one meas-
ured 1 by 1 by 1 foot and the other 2 by 2 by 1 foot. The metal sides or speci-
mens on these tanks were 1 and 2 feet square, respectively. Only water was used
in these tanks. A photograph of the large tank (after impact) is shown in fig-
ure 3.

Test Specimens

The test specimens on the metal tanks were octagonal in shape, as shown in
figure 2. The test section of these specimens was a circle 11 inches in diam-
eter. 'The specimens were made of two aluminum alloys, 2014-T6 and 7075-T6, and
of a stainless-steel alloy, 60-percent-cold-reduced ATST 30l. The aluminum
specimens were 1/52 and 1/16 inch thick, and the stainless-steel specimens were
1/52 inch thick. The materials were selected because of thelr relatively high
strength properties at cryogenic temperatures, which would probably be required
for propellant-tank application.

Instrumentation

In addition to the instrumentation used to measure the velocity of the im-
pacting particle, described in the section Range Equipment, the following instru-
mentation was also used. Two pilezoelectric crystal pickups were located in the
water of the transparent tank near the impact region to determine the local pres-
sure change in the water with respect to time due to the pressure wave generated
by the impacting particle. The pickups had an upper pressure limit of 20,000
pounds per square inch. The pickup sensing unit was approximately 5/16 inech in
diaemeter and 5/16 inch long.

The characterlstics of the pressure wave generated by impact were also
evaluated visually from high-speed photographs of the progress of the shock-wave
front as viewed through the side of a water-filled transparent plastic tank. A
continuous writing camera with a maximum writing rate of 1.6 million frames per
gecond was used. The damage to test speclmens caused by the lmpact and penetra-
tion of the particles was recorded by photographing the front faces of the test



specimens. In some instances a technique of photographing the front face (metal
specimens) and side of the transparent water-filled tank simultaneously was em-
ployed. This photographic procedure permlitted direct correlation of the speci-
men time to fracture with the progress of the shock wave in the liquid.

PROCEDURE
Impacts Into Specimens

The procedure wag to fire the individual particles into a test specimen that
was attached to a metal tank filled either with water, glycerin, or liquid nitro-
gen and to observe the resulting damage. Specimens were tested without an ini-
tial static stress (unstressed) and with an initial effective static stress equal
to the yield strength of the material. This stress was induced by appropriate
pressurization of the tank and gave a 1l-to-1 biaxial stress field. The procedure
used to determine the relation between static tank pressure and the initial sta-
tic stress level in the specimens is described in the section Stress Level and
Distribution in Specimens.

Transient Pressure Measurements

The procedures for determining the characteristics of the pressure pulse
generated in water by the impact will be considered next. One of the methods
used was to obtain a shadowgraph of the progress of the shock front generated by
impact, as viewed through the sides of a water-filled transparent plastic tank.
The progress of the shock front was obtained by observing the individual frames
of photographs of the shock front taken with the high-~speed framing camera. The
shock-front veloclty was determined from the known film framing rate and the ob-
served motion of the shock front from frame to frame. When the shock-front
velocity and the relation between this velocity in water and pressure asg pre-
sented 1n reference 7 were known, the pressure at the shock front as it moved
away from the impact point was determined. The pressure was also determined by
using plezoelectric erystal pressure pickups mounted 1n the water-filled tanks
near the impact point. The output of the gages was transmitted to an oscillo-
scope from which a photographic record of the traces was obtained. From the
trace of the voltage oubtput of the gage and a manufacturerts calibration cf the
voltage-pressure characteristics of the gage, the local pressure change of the
liquid with time was determined.

RESULTS AND DISCUSSION

Several simple analytical models were considered in an attempt to relate
some of the factors affecting fracture of a liquid-filled tank as a result of
impact by a high-velocity particle. In all the analyses the pressure generated
in the liquid by the Impacting particle was considered to be the major factor
influencing fracture. It was also assumed that fracture occurred before any
pressure wave could be reflected from the walls of the tank. The effects of the
dynamic stresses induced by the cratering action and puncturing were considered
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small and, therefore, were neglected; however, attempts were made to account for
the loss of particle velocity when the tank wall was punctured. With these con-
ditions imposed, analytical expressions for the pressures generated by impact
were sought.

One of the models conslidered was one~dimensional impact of two media
(ref. 2). This model provided a relation for the maximum pressure at the inter-
face of the two media as a function of impact velocity and the acoustlic imped-
ances of the media. In an attempt to include the effect of particle size, an-
other model was consldered. For this model it was assumed that the energy ab-
sorbed by the liquid in decelerating the Impacting particle is used only for pres-
sure and change in volume of the liquid in the tank affected by impact. The drop
in impact velocity through the tank wall was accounted for by using the empirical
relations for residual velocity of particles after the puncture of sheet materi-
als as presented by Malick in the "Proceedings of the Third Symposium on Hyper-
velocity Impact.™ Although some agreement with trends was indicated, applying
the relations cbtained to the experimental data did not provlde a satisfactory
correlation of the data. The simplified models and analyses used seemed to be
insufficient to describe the fracture mechanlism completely; therefore, a more
rigorous analysis 1s considered necessary. For the purposes of this preliminary
report, the data at conditions of fracture for each material and thickness of the
tank wall and for each contained liquid will be presented; particle parameters
that appear to be significant, that is, the particle kinetic energy, veloclty,
size, and material, will be used. Subsequent analyses may very well indicate
more satisfactory parameters for presentation of the data. DPresentation of these
data in essentially raw form by using these parameters rather than walting uwitil
an adequate model was developed for predicting the failures was warranted because
of the current interest in the results of this preliminary investigation.

Stress Level and Distribution in Specimens

Prior to starting the primary investigation reported herein, it was neces-
sary to determine whether a uniform stress field existed in the center or impact
region of the test specimen, which was given an initial static stress by the
pressurization of the liquid in the tank. It was also necessary to determine the
extreme fiber stress in the test specimen in the region of impact for given val-
ues of liquid pressurization.

The extreme fiber stress in the wall was determined by measuring the curva-
ture of the specimen associated with a gilven pressure within the tank and then by
using the following equation, which considers the effect of both the membrane and
bending stresses in the specimen:

2)
5

- 3)

O =T G

S =

where

S extreme fiber stress, psi



P pressure in tank, lb/sq in.

R radius of curvature of outside surface of specimen, in.

t  thickness of specimen, in.

E  Young's modulus, psi

v Poisson's ratio

The calculated values for the pressures required in the tank to produce ex-
treme fiber effective stresses equal to the O.2-percent offset yield strengths

of the specimen materials, thicknesses, and temperatures investigated are listed

in the following table:

Material Liguid empexr- Yield Thickness,|Tank pres-| Young's
in ature, | strength, t, sure re- modulus,
tank Op psi in. quired, E,
P, psi
lb/sq in.
7075-T6 Water 80 74, 400 1/32 165 10. 3x10°
7075-T6 Nitrogen| -320 91,000 1/32 220 11.5
7075-T6 Water 60 74,400 1/16 290 10. 3
2014-T6 Water 60 66,200 1/32 135 10.7
2014-T6 Water 60 66,200 1/16 214 10.7
ATSI 301 Water 60 181,000 1/32 362 28
(60 per-
cent
cold re-
duced)

The values of Polsson's ratio v wused in the stress equation for the aluminum
alloys and for the stainless steel were 0.33 and 0.30, respectively. The values
of Young's modulus were obtalned from unpublished data from the investigations
reported in references 8 and 9. The O.Z2-percent offset yield strengths of the
materials presented in the table were obtained from these references. For the
conditions listed in the table, the ratios of the calculated bending to membrane
stress were approximately 0.15 and 0.36 for the 1/52- and l/l6—inch—thick speci-
mens, respectively. For these conditions, the middle fibers were stressed to
approximately 87 and 73 percent of the yield strengths, respectively. The bend-
ing stresses induced by the pressurization of the tank are, therefore, a signif-
icant portion of the total static stress in the specimen.

The stress distribution near the center of the specimen on a pressurized
tank was determined by the use of electrical-resistance strain gages. The re-
sults indicated that,for stress levels as large as 0.8 of the 0.2-percent offset
yield strength of the 2014-T¢ aluminum, a uniform stress field existed within a

. 1. .
maximum deviation of 5 percent in an area circumscribed by a lg-lnch radius from



the specimen center. The stresses as determined from the strain gages located
1/8 inch from the specimen center agreed withln 5 percent with the extreme fiber
stress as calculated from the stress equation.

Catastrophic Fracturing Due To Impact

A summary of the minimum particle impact velocities and kinetic energies
required to fracture specimens is presented in table I. The impact capabilities
of the facility were insufficient to result in catastrophic failure for some test
conditions. For these cases table I also lists the maximum impact conditions in-
vestigated, although no fractures occurred. Some of the specimens were given an
initial hydrostatic stress equivalent to the yleld strength of the material (by
pressurization of the tank) before impact by the high-velocity particle. The
other specimens were not subjected to any initial stress. FEach of these groups
of specimens will hereinafter be designated as "stressed" and "unstressed"™ speci-
mens, respectively.

Stressed alumlinum specimens on water-fillled tank. - Photographs of the
punctures and the typical patterns of fractures that were obtained for the speci-
mens are shown in figure 4. For the l/SZ—inch—thick specimens, which had all the
different patterns of fractures encountered, no relation between the number of
cracks and impact energy, velocity, or particle material was observed. FExamina-
tion of the fractures indicated that the plane of the fractures was generally at
45° to the specimen surface; this would indicate a shear failure. Several im-
pacts made into partly filled tanks where the liguid level was only slightly
above the impact point resulted 1n fallures similar to those obtained on com-
pletely filled tanks.

Impacts and penetrations by particles of various sizes and different mate-
rials into specimens of one material and thickness provided data to determine the
effect of particle kinetic energy, velocity, material, and size on catastrophic
fracturing of the specimen. The data obtained for impacts into l/32-inch-thick
stressed 7075~-T6 aluminum specimens are shown in figure 5. The data indicate
that for a glven 7/32-inch-diameter metal particle there is a kinetic energy and
velocity below which only puncture of the specimen results and above which cata-
strophic failure results. It appears that a definite critical wvelocity or ki-
netic energy exists for each of the particle materials considered in the investi-
gation, above which rupture of the specimen will occur. The data of figure 5
also indicate that for the metal particles the critical velocity increases and
the critical kinetic energy decreases as the impacting particle density decreases.
The critical velocitles for the 7/32-inch spheres of tungsten carbide, steel, and
aluminum were 2850, 3300, and 5000 feet per second, respectively, and the asso-
clated kinetic energies were 375, 280, and 215 foot-pounds, respectively.

The data of figure 5 indicate that for the 7/52-inch nylon spheres fracture
of the test specimens occurred throughout the range of velocities possible with
the rifle used. Examinations of the fractures of these specimens indicated that
for specimens impacted at velocities of about 7000 feet per second & smooth punc-
ture was obtained and the fracture probably resulted from the pressures generated
in the water. With impacts at low particle velocities of about 1650 to 3000 feet



per second, however, the specimen was bent and torn in the vicinity of the im-
pact. This tearing action by the low-velocity nylon spheres, rather than the
pressures generated in the water, was primarily responsible for the fracturing
of these stressed specimens. This conclusion was verified by the fracture of
specimens of 7075-TC aluminum on the test tank filled with nitrogen gas at the
same pressure as the water-filled tank and impacted by a low-velocity (about
3500 ft/sec) nylon particle. When a specimen on the pressurized gas-filled tank
was ilmpacted with a nylon sphere at about 6000 feet per second, only a puncture
resulted.

In an attempt to determine the effect of particle size and material, a
gseries of impacts was made with spheres of the following sizes and materials,
in addition to the }/52-inch sphere already mentioned: l/8-inch steel, l/8—inch
tungsten carbide, 3/32-inch aluminum, and l/lB—inch steel. The results of im-
pacts with these particles are also shown in figure 5. It can be seen that no
catastrophic fallures were achieved with any of these smaller particles even at
velocities as high as 7180 feet per second. It appears, therefore, that, in
addition to particle kinetic energy, velocity, and material, particle size alsc
affects fracture. In addition, the velocity at which fracture occurs 1s also a
function of the tank wall thickness, material, and stress level, as can be seen
from the results shown in table I.

The values of critical velocities and energies as obtained from impact into
l/SB—inch-thick stressed specimens of 2014-T6 aluminum alloy were approximately
similar to those obtained with the 7075-T6 aluminum, except for impact with the
7/32-inch-diameter nylon spheres. Impacts by these spheres over a range of
velocities from about 3100 to 7000 feet per second into the 2014-T6 alloy re-
sulted in only a puncture compared to fracturing of the 7075-T6 alloy at veloc-
ities from 1650 to 7000 feet per second. The fracture patterns obtailned with
the specimens made of 2014-T6 were similar to thase of the 7075-T6 aluminum.

Unstressed aluminum specimens on water-filled tank. - Impacts into un-
stressed 1/32-inch-thick specimens of 7075-T6 aluminum indicated that fracturing
of the specimens could only be obtained with the 7/52—inch aluminum spheres at
velocities above 6200 feet per second. TImpacts by the nylon, steel, and tungsten
carbide spheres at velocities as high as 6300, 6100, and 5000 feet per second,
respectively (the maximum velocities generally obtained with the gun used), re-
sulted in only puncturing of the specimens. Examination of the specimens in the
region of penetration indicated that a permanent yielding occurred, both in the
punctured and fractured specimens, because of the pressures generated in the
water. The deformation on these specimens was in the form of a cusp, the base
of which was about 1 inch radially from the impact point.

In order to eliminate the effect of a decrease in the velocity and kinetic
energy of the particle due to the puncturing of the specimen, a group of speci-
mens were prepunched with a 5/8—inch—diameter hole that was then sealed inter-
nally with masking tape (to contain the water). Impact was made through the
masking tape into the water. These tests thus provided higher velocity Impacts
into the water and demonstrated the damaging effect of the generated pressures
without the effects of the stresses induced in the specimen by puncturing. The
results of these impacts with 7/52—inch spheres indicated that fractures of the
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specimens were only obtained with the metal spheres. No fractures of the speci-
mens impacted by the nylon spheres were obtained, even at the maximum velocity
of the gun. The particle velocities and kinetic energies at which fractures
occurred for these speclmens with the prepunched hcle were less than those re-
qulred to fracture the specimens without prepunched holes (table I).

Stainless-steel specimens on water-filled tank. - Fracture of the l/32—inch—
thick stressed and unstressed 60-percent-cold-reduced AISI 301 stainless-steel
specimens could not be obtained with the 7/32—inch—diameter spheres, even at the
maximum velocities attainable with the rifle. Also, no fractures resulted when
a heavier particle (a 7/32-in.—diam. by 0.6-1in.-long cylinder of copper) impacted
the specimen at velocities as high as 4900 feet per second. The associated ki-
netic energy of impact was 2385 foot-pounds. The weight of this impacting par-
ticle was about twice that of the heaviest sphere used. No further investiga-
tion of the stainless-steel specimens was undertaken with the present gun facil-
ity. As part of the investigation reported by Lovelace in the "Proceedings of
the Fourth Symposium on Hypervelocity Impact,®™ several lmpacts into water-filled
stainless-steel tanks resulted in catastrophic fractures of the tanks. These
fractures, however, were obtalned at velocitles and kinetic energies that were
higher than 1in the present investigation.

Specimens on glycerin-filled tank. - In order to investigate the effect of
liquid compressibility on the fracture mechanism, glycerin, which 1s approxi-
mately half as compressible as water, was used as the liquid in the tank. Be-
cause of its lower compressibility, it was expected to develop a stronger shock
wave. For these tests, impacts were made only into unstressed l/SZ—inch-thick
7075-T6 aluminum specimens. The results are shown in table I, and, as would be
expected, indicate that lower impact velocities fractured the specimens on the
glycerin-filled tank than on the water-filled tank. The velocities, however,
were not much different. The velocity required to fracture the specimens on the
glycerin-filled tank was 5900 feet per second for both aluminum and steel
spheres. Fractures of specimens on the water-filled tank were obtained at 6200
feet per second with the aluminum spheres but could not be obtained with the
steel spheres, even at velocities up to 6100 feet per second. Examination of the
specimens after the impacts indicated that the fracture patterns were similar to
those obtained on the water-filled tank, but that the deformation of the speci-
mens was somewhat greater than those obtained on the water-filled tank. These
results gave qualitative if not quantitative verification to the effect of liquid
compressibility.

Specimens on liquid-nitrogen-filled tamk. - The propellants currently being
considered for space vehicles include cryogenic liquids. Because of the low
operating temperatures of materials in contact with these liquids, the properties
of the materials, such as ultimate strength, ductility, and notch strength, are
frequently different from room-temperature properties. To investigate the ef-
fects of a cryogenic liquid, impacts were made into specimens on a test tank con-
taining liquid nitrogen (boiling point of -320° F at standard atmospheric pres-
sure). Nitrogen was used because of its ease and safety of handling as compared
to other cryogenic propellants, such as oxygen and hydrogen. The nitrogen,
nevertheless, provides a low temperature that 1s only slightly lower than that
of liquid oxygen. The compressibility of liquid nitrogen is less than that of




ligquid hydrogen but greater than that of liquid oxygen.

Typical fractures of the stressed and unstressed l/32—inch—thick 7075-T6
aluminum specimens on a ligquid-nitrogen-filled tank as obtained from impact by
7/32—inch—diameter spheres are shown in figure 6. Comparison with figure 4 shows
that a much more severe fracturing of the specimens was evident when the con-
tained fluid was liquid nitrogen. Examination of the fractures indicated a
brittle-type fracture as evidenced by the fracture belng perpendicular to the
specimen wall.

The critical velocities or kinetic energles for specimens on the liquid-
nitrogen-filled tank were only determined for the l/52-inch—thick 7075-T6 alumi-
num alloy impacted by the 7/52—inch aluminum spheres only. The results obtalined
indicate that the critical velocities of 5100 and 6900 feet per second for the
stressed and unstressed tanks, respectively, are slightly higher than those ob-
tained for specimens on the water-filled tank. This is what might be expected
because the greater compressibility of nitrogen as compared to that of water
would require higher velocitles of impact to generate the pressure to cause frac-
ture. An increase in the yield strength and notch sensitivity of the specimens,
the effect of the low temperature, is present also. Based on these results with
liquid nitrogen and those with water and glycerin, which demonstrated the small
effect of liquid compressibility, it would be expected that the velocities re-
quired to fracture specimens on a liquid-oxygen-filled tank would be approxi-
mately the same as for a liquid-nitrogen-filled tank.

Pressure Change Characteristics of Liquid Due To Particle Impact

In order to obtaln an understanding of the characteristics of the pressure
pulse generated in a liquid by impact of a high-velocity particle and its con-
tribution to fracture, measurements were made of the pressures generated. Only
water was used as the liquid.

This phase of the investigation was conducted by using the transparent
plastic tanks. Because of the limited number of impacts that were to be made
for this phase of the investigation, maximum velocities of impact into the water
were desired. In order to accomplish this, impact was made into the water
through a prepunched hole in the l/32-inch-thick sheet of 7075-T6 aluminum that
formed the front face of the plastic test tank. The punched hole was sealed in-
ternally with masking tape to contain the water. Typical photographs of the
progress of the shock front in the water at various times after impact are shown
in figure 7. The pressure wave was generated by an impact of a 7/52-inch alumi-
num sphere with a velocity of 6690 feet per second. It can be seen that the
shock front is hemispherical for all times and that the center remains fixed at
the point of impact. A plot of the shock-front velocity and pressure in the
water as functions of distance from the impact point for the impact conditions
just described is shown in figure 8. The pressure was determined from the shock-
front velocity as described in the section PROCEDURE. The data indicate that
pressures of about 70,000 pounds per square inch are generated within 0.6 inch
of the impact region and that the pressure decays rapidly with distance and ap-
proaches ambient pressure about 5 inches from the impact point. For impacts at
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higher velocities, pressures in excess of 100,000 pounds per square inch were
indicated.

Measurements of the pressure of the passing shock wave made by pilezoelectric
crystal pickups located at distances of 1l.44 and 1.87 inches from the impact
roint for the impact conditions just discussed are shown in figure 9. The dashed
curveg are the voltage output from the crystal pickups converted into pressure
of the passing wave. The oscillations are due to the response and natural fre-
guency characteristics of the pickups. The pressures of the passing wave are the
mean of the fluctuating values. Smooth curves through the mean values are shown
in the figure. Because of the response characteristics of the pickups, the mean
values of pressures are valid only after 6 microseconds from the time the pres-
sure wave is first detected by the pickups. No extrapolation of the pressure
curve was attempted to predict the pressure of the passing wave front at zero
time. Therefore, no comparison with the pressures at the shock front as deter-
mined from the measured shock-front velocity, as previously described, could be
made. ‘The measurements indicate a rapid decay of pressure with time. TIn addi-
tion, the pickups did not disclose any additional pulses of significance after
the passage of the shock wave front.

Effect of Tank Size

Based on the results presented in the previous section, it would be ex-
pected that the initiation of the fracture would occur within the time duration
of the pressure pulse. Also, if edge effects are not to influence the failure,
fracture should occur before the longitudinal wave in the wall of the specimen
travels from the lmpact polnt to the edge of the specimen and back. For the
aluminum specimens in the metal tanks, which had a clamping ring with an inside
diameter of 11 inches, this time would be 41.8 microseconds, based on a longi-
tudinal propagation velocity of 20,900 feet per second for aluminum. To verify
these assumptions, high-speed photographs were taken of the Impact into the
water through the prepunched hole in the test specimen and of the resulting
fracture of the specimen. A sequence of photographs of the event is shown in
figure 10. Examination of the series of photographs indicates a possible crack
13.5 microseconds after impact and a definite crack 27 microseconds after impact.
Photographs for later times show the progress of fracturing and the eruption of
water from the tank. The impact was made by a 7/52-inch aluminum sphere at a
velocity of about 6200 feet per second. Even if fracture of the specimen had
occurred as late as 27 microseconds (observation of cracks at earlier times is
somewhat obscured by the water spray), the aforementioned assumptions are veri-
fied. Based on the progress of the shock front generated by the impact, the
front would have advanced only about 2 inches away from the impact point in the
time required for the specimen to fracture. This would indicate that only the
volume of the tank contained within the hemispherical wave front of about a few
inches is affected by the impact before fracturing of the specimen has occurred,
and that the pressure rise and the resulting damaging forces that cause frac-
turing of the specimen, being local phenomena, are independent of tank size
larger than a few inches.
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To devermine whether time to fracture is significantly different for the
different thicknesses of specimens, impacts were made into 1/52- and l/lG-inch-
thick stressed specimens of 7075-T6 aluminum while high-speed photographs were
taken of the process, Impacts by 7/52-inch aluminum spheres resulted in frac-
tures in 27 and 33 microseconds or less for the 1/52— and l/lG-inch-thick speci-
mens, respectively. A sequence of photographs of the impact and the resulting
fracture of the l/SZ—inch stressed specimen is shown in figure 11. For an im-
pact Into a stressed l/BZ-inch—thick gpecimen of 7075-T6 aluminum on a liquid-
nitrogen-filled tank, fracture was observed 40 microseconds after impact. The
time could have been considerably less, but a frost layer made detection of a
crack difficult.

As further verification that impact conditions affecting fracture are es-
sentially independent of tank size, impacts were made into specimens attached to
a tank 25 times larger in volume than the O.6-cubic-foot tank used for the re-
sults just discussed. Water was used as the liquid. The results obtained,
shown 1n table I, indicate no significant effect of tank size. The velocities
reported in table I for the impact of nylon spheres into stressed specimens of
7075-T6 aluminum on the two sizes of tanks are not the critical or minimum
values at which fracture would occur, but were the lowest veloclities at which
impacts were made and fractures obtalned. The tests were not continued with
these particles at lower velocities because the fractures obtalned were caused
by the bending and tearing action of these particles rather than by the pressures
generated in the ligquid, with which this report is particularly concerned.

Space Hazard

The effects of meteoroid impacts cannot quantitatively be predicted from
the results of this preliminary investigation because of the relatively low
velocitles of impact as compared to those expected of meteoroids. The results,
however, indicate that a possible hazard to liquid-filled containers or com-
ponents of vehicles in a space environment may exist if they are impacted by
particles of sufficient energies and velocities. The energies required for cat-
astrophic failure are generally in excess of those required for simple penetra-
tions. As a result, if the vehicle has been designed with a low probability of
being penetrated, the probability of catastrophic failure from meteoroid impact
would be quite small.

SUMMARY OF RESULTS

The following are the results of a preliminary experimental investigation
of the effects of impact by small high-velocity particles into sheet-metal test
specimens attached to and acting as walls of liquid-filled tanks:

1. Catastrophic fracturing of specimens rather than simple puncturing was
obtained on liquid-filled tanks when the impact velocity exceeded a critical
value, which is dependent on particle size, particle density and/or material,
specimen material and thickness, initial static stress level in the specimen be-
fore impact, and liquid contained in the tank.
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2. Impacts into partly filled tanks, where the liquid level was only slight-
ly above the impact point, resulted in failures similar to those obtalned on com-

pletely filled tanks.

3. Catastrophic fracturing of gas-pressurized tanks also resulted from im-
pacts by low-velocity deformable projectiles (nylon spheres), because of bending
and tearing, rather than the smooth puncturing of the tank walls. High-velocity
impacts by these projectiles into gas-pressurized tanks, on the other hand, re-
sulted in smoothly-punctured holes and no fracturing of the walls.

4. Tank walls of AIST 301l stainless steel initially stressed to the yield
stress by the contained water were more resistant to fracture from the additional
stresses induced by the impacting particle than walls of 2014-T6 and 7075-T6 alu-
minum of the same thickness. No fractures of the walls made of the stalnless
steel were obtained within the capabillities of the gun used.

5. Effects of compressibility of the contained liquid on fracturing of
specimens were obtained and found to be swall. Only slightly higher impact
velocities were requlred to fracture specimens on tanks contailning glycerin
(about one-half as compressible as water) than to fracture specimens on water-

filled tanks.

8. The combined effects of lower liquid temperature and greater compressi-
bility on the impact velocity required to fracture the 7075-T6 aluminum speci-
mens were also found to be small. This was determined from impacts into liquid-
nitrogen-filled tanks. The resulting fractures, however, were more severe than
those obtained on water-filled tanks.

7. The pressure pulses generated in the water-filled tanks by the impacting
particles were large but decayed rapidly and approached ambient pressures within
about 5 inches from the point of impact. Pressures in excess of 100,000 pounds
per square inch were generated as close to the impact point as 0.6 inch.

8. The shock front generated in the water-filled tank traveled only a few
inches from the point of impact before fracture of the tank wall occurred. Frac-
tures of the tank wall occurred between 27 and 40 microseconds after impact. For
the thicknesses of materials investigated, the pressure pulse generated in water
and the resulting forces contributing to the initial fracture of the tank walls
were local phenomena and were independent of tank size greater than a few inch
radius. As further verification, impacts were made into two sizes of water-
filled tanks whose volumes differed by a ratio of 25; there was no significant
effect of tank size.

9. This investigation indicated that, although particles of sufficient
velocity and energy can result in catastrophic failure of liquid-filled tanks,
the energy required for such faillures is generally considerably in excess of that
required for simple penetration. As a result, the probability of catastrophic
failure from meteoroid impact is quite small 1f the vehicle has been designed
with a low probability of beilng penetrated by meteoroids.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, January 26, 1963
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Figure 2. - Cylindrical steel tanks used in
high-veloclty particles.

investigation of fracture by
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C-59085

Figure 3. - Transparent plastic tank with impacted front face of
1/32-inch-thick 7075-T6 aluminum.
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Kinetic energy, ft/1b

Sphere Material T
diameter, ]
in. —
o 7/ Nylon —
o 7/3 Aluminum
O 7/32 Steel
10,000 A 7/32 Tungsten ]
v 1/8 Steel —
AN 1/8 Tungsten -
4  3/32 Aluminum —
N 1/18 Steel —
Solid symbols denote catastrophic fracture—
Open symbols denote puncture only
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Particle velocity, ft/sec

Flgure 5. - Particle kinetic energy and ve-
locity for impacts into 1/32-inch-thick
7075-T6 aluminum specimens on a water-
filled tank pressurized to stress speci-
men to yleld strength.
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Pressure, P, 1b/sq in.
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Figure 8. - Pressure and velocity of shock front as generated

from impact into water.
diameter aluminum sphere; velocity, 6690 feet per second.
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Shock front velocity, ft/sec
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Pressure, P, 1b/sq in.
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(b) Pickup located 1.87 inches from impact point.

Figure 9. - Pressure pulses generated by impact into water as

measured by piezoelectric crystal pickups.

Impacting par-

ticle, 7/32-inch-diameter aluminum sphere; velocity, 6690

feet per second.
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